














Fineandcoarse fractionsofPM10 (PM2.5 andPM2.5–10, respectively)werecollected from January2003 toDecember
2007atanurbanBangkoksite(Chatuchakdistrict)andasuburbansite(Klonghadistrict,Pathumthani)inThailand.The
filter sampleswere analyzed formass, black carbon, and up to 28 elementswere determined using instrumental
neutronactivationanalysisandParticle–InducedX–rayEmission(PIXE).Thelong–termdatabaseshowsthatPMmass
attheurbanareahadhighermass,blackcarbon,andsomeelementsthantheoneatthesuburbanarea.Furthermore,
it is found thatmass and elemental concentrationswere generally elevated in the coarse fractionswhereasblack
carbonwasthemajorcontentinfinefractions.PositiveMatrixFactorization(PMF)andmultiplelinearregressionwere
applied to investigate for PM source fingerprints and apportionment. Source contributions and wind direction
influence were also examined by use of conditional probability function (CPF) and potential source contribution
function(PSCF).ThePMFresultsindicatedthatmajorsourcescontributedtocoarsefractionsweresoil,construction,






















Over the past two decades, it has been recognized that
particulatematter is amajor urban air pollutant, particularly in
mostoftheworld’smegacities. It isbecauseairborneparticulate
matter (APM) causes not only the adverse impacts on human
healthbutalsoonvisibility.A largenumberof studies related to
APMhavebeenconductedworldwidetounderstandthenatureof
APM and their association with adverse impacts such as
cardiovascular– and respiratory– disease, as specific causes of





(SO2), nitrogen oxides (NOx) or carbon monoxide (CO) that are
known single compounds, APM is amixture of solid and liquid
particlessuspendedintheair.Generally,thesizefrequencyofthe
air particles has a distribution, with two main peaks at about
0.2μmandatabout10μm(WhitbyandCantrell,1975).Theyare
commonly classified as fine and coarse mode particles. Coarse
particles (particles with aerodynamic diameter 2.5–10μm or
PM2.5–10) mostly derive from mechanical processes (e.g. soil
erosion) or incomplete combustion. Fine particles (particleswith
aerodynamicdiameterlessthan2.5μmorPM2.5)canbeattributed
mainlytocombustionprocesses(anthropogenicactivities)orfrom
gas–to–particle conversion processes. Therefore, monitoring of
both fine and coarsemode particles is useful in defying risk to
humanandalso fordevelopingefficientPM control strategies.A
long–term database could result to more precise interpreted
information.Furthermore, identificationofmajorsourcesandthe
apportionment (assessment) of their relative contribution can




than 25years. The air pollutants being measured include NOx,
ground–level O3, CO, SO2, Pb and PM10. Although the ambient
levels ofmost key air pollutants are steadily declining, ambient
PM10 is still the most serious problem in many locations. The
Thailand PM10 standard for 24hours, 120μg/m3, has been
exceededonoccasion,particularlynear roadsides inurbanareas






However, the number ofmonitoring stations for PM2.5 is limited
only inspecificareaswhereparticulateairpollution isofconcern.
Atpresent,only threePM2.5monitoringstationsarebeingoperaͲ











outdoor PM10 and PM2.5 in Bangkok, while Jinsart et al. (2002)
examinedtheroadsidePM2.5andPM2.5–10levels.Moreinformative
studiesemphasizedondifferentsized–fractionsinordertounderͲ
stand their sourcesoforigin.Chueinta et al. (2000) reported the
characterization and source identification of fine and coarse
particles collected in urban and suburban residential areas in
ThailandandanextendedstudyatBangkokmetropolitancurbside
waslaterperformed(ChueintaandBunprapob,2003).Leenanupan
et al. (2002) carried out similarwork for characterization of fine
particulate pollution atMae Hong Son province in the north of
Thailand.Afewcollaborativestudiesonfineandcoarseparticulate
airpollution in theAsiaPacific regionalscalewere reported,e.g.,
Oanhetal.(2006);Ebiharaetal.(2006;2008);Hopkeetal.(2008).
Besides, only few long–term PM2.5 and PM2.5–10monitoring data
areavailableelsewhereinthisregion.

This reportpresentsa5–year studyofambientairquality in
the BangkokMetropolitan Region (BMR) covering the period of
2003 to 2007. Sampling of fine and coarse fractions, PM2.5 and
PM2.5–10,at two sites representinganurban residentialarea, i.e.,
Chatuchak district (Bangkok) and a suburban residential area,
Klongha district (Pathumthani). All of the PM samples were
analyzedfortheirchemicalcomposition.PositivematrixfactorizaͲ
tion (PMF) was applied for source identification and apportionͲ
mentaidedbyconditionalprobabilityfunction(CPF)andpotential







Two Gent Stacked Filter Units (Hopke et al., 1997) were
continuouslyoperated from2003 to2007at the twomonitoring
sites (See Figure 1). These siteswere chosen to representurban
and suburban residentialareaswhere therewouldbepopulation
exposures to theambientaerosolandbecharacteristicof typical












an open field. It is a residential area surrounded by houses
(woodenandbrick),acanal,treesandgrassyfields.Amajorroadis
situatedabout5kminthesouth.Thesamplerswereoperatedata
flow rateofabout16L/min for24hours to collectboth fineand










(Mettler MT5). The filters were weighed before and after PM
loadinginordertodeterminePMmasscollectedandthendivided
bythevolumeoftotalairsampling(m3)togettheparticulatemass
concentration inμg/m3. Theweighingwasdone in a clean room









filtersand calculated forblack carbon (BC)contentusing the folͲ
lowingequation(Fulleretal.,1999):

P  u3 0BC( g/m )=[{1000 log(R /R) 2.39398}/45.7985] (A/V)  (1)

















two different irradiations and four gamma ray counts after
appropriate decay timeswere conducted in order to determine
short–,medium–,andlong–livedradionuclides.Upto25elemental
concentrations, their uncertainties and detection limits were
obtained.

For PIXE, the filter samples were exposed to a beam of












is a commonlyused receptormodel. It solves the factor analysis
problemusinga least squaresanalysiswithdatapointweighting
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and non–negativity constraints (Paatero and Tapper, 1994;
Paatero,1997).

In general, the factor analysis problem can bewritten in a







g fijx  (2)

wherexijisthejthspecieconcentrationmeasuredintheithsample,
gik is the particulate mass concentration from the kth source
contributingtothe ithsampleandfkj isthe jthspeciemassfraction
fromthekthsource.

PMF has been applied for characterization and source
identification of particulate air pollution in various places, e.g.,




Conditional Probability Function. The source contributions from
the PMF analysis were combined with the local meteorological
data.For localsources,windspeedanddirectiondatacanhelpto
identifythelikelydirectionsoftheparticlesources.Thesemethods
include conditional probability function (CPF) (Ashbaugh et al.,
1985), which is the conditional probability that a given factor













where m'T is the number of occurrences from wind sector 'T
where the source contributions are in the upper 25th percentile,
andn'Tisthetotalnumberofoccurrencefromthiswindsector.In
this study, 12sectorswere used ('T=30°). Calmwind (<1m/s)
periodswereexcludedfromtheanalysis.CPFhasbeensuccessfully




Potential Source Contribution Function. Long–range transported
PMwas also identified to explain the effects of transported PM
over time. In this paper, potential source contribution function
(PSCF) was applied to investigate possible source areas and
pathwaysofselectedPM2.5sourcesidentifiedbyPMF.PSCFcanbe
interpreted as a conditional probability describing the spatial
distributionofprobablegeographicalsource locations inferredby
using trajectories arriving at the sampling site. Ninety six–hour
backwardtrajectorieswerecalculatedusingaHYSPLITmodelwith
archivedgriddedmeteorologicaldata.TheReanalysisDataSetwas
employed in theseanalyses.A trajectoryendpoint lies ina single




























fractions collected from January 2003 to December 2007 at
Bangkok(Chatuchak–urban)(Figure2a)andPathumthani(Klongha
–suburban)(Figure2b)sites.Highmassconcentrationswerefound
during the dry season (aroundNovember to February). Figure 3
presents box andwhisker plots of PMmass for individual years.
The range of the box depicts the bounds of the 25th and 75th
percentile of the data. The whiskers extending from the box
representtheboundsofthe10thand90thpercentile.Themedian
andoutliersofeachdatasetarealsoshown.Itcanbeclearlyseen
that coarse fractions at Bangkok siteweremuch higher than at
Pathumthaniwhilefinefractionswerenotmuchdifferentbetween
thetwosites. It is foundthatcoarse fractions inBangkok in2004
wereremarkablyhigh.

Figure2.Time variationsofmass concentrationsof fineand coarse fracͲ




Table 1 lists average mass concentrations of PM2.5 and PM10
including ratio of PM2.5 to PM10.High PM10 concentrationswere
foundonDecember 15 and 19, 2004 (notedwith red “*” in the
Figure) with values of 174ʅg/m3. The third highest value of
153ʅg/m3wasmeasuredonOctober27,2004.Therewere21days
that PM10mass concentrations were higher than national PM10
standardfor24hour(maximum),120μg/m3.ForthePathumthani
site, both size–fractionated particle masses were rather similar
amongthesefiveyearsofsampling.However,therewasanevent













2003 19.1 52.6 0.36 14.4 32.6 0.44
2004 26.6 78.8 0.34 25.2 58.1 0.43
2005 23.3 54.2 0.43 20.2 45.4 0.44
2006 24.3 56.1 0.43 17.7 37.9 0.47
2007 23.2 54.5 0.43 19.8 38.9 0.52

The annual average PM10 values in Bangkok during these
monitoringyearswerehigherthanthenationalambientairquality











canbe clearly seen theblack carbon in fine fractions inBangkok
were significantly higher than the one in Pathumthani (suburb).
Theresultsimplymoreactivitiesinurbanareathatcouldgenerate
black carbon to ambient air. Apparently, black carbon concenͲ
trationsgradually increaseeach year,particularlyat theBangkok
sitewith thehighestconcentrationsobserved in2006.Themean
values andpercentofblack carbon in fine fractions are listed in
Table2.TheBCannualaveragesof3to8μg/m3werefoundtobe








BC(μg/m3) %BCinPM2.5 BC(μg/m3) %BCinPM2.5
2003 5.43 29.3 3.27 24.8
2004 6.87 26.4 4.51 17.9
2005 7.69 33.8 4.25 21.6
2006 8.64 37.7 4.58 28.6







Summary statistics for theelementaldata from the fineand
coarseparticlesamples from the twosamplingsitesaresummarͲ
ized inTable3.Arithmeticmeanswith standarddeviationsof28
elementsare reported. Itcanbenoticed thatelementalcontents




time variations and correlations. Figure5 shows the times series
plotsof some key elemental concentrations including S andK in
fine particles together with Na and Al in coarse particles in
Bangkok. S, K and Al are key elements of secondary sulfate,
biomassburning,and soil sources, respectively.Theywere found










andPathumthani,wereprepared for analysisby PositiveMatrix
Factorization (PMF). After data screening and trial experiments,
the finalparameters forPMF runusingofEPAPMF3.0program
(U.S.EPA,2008)areasfollows:

x Bangkok,PM2.5 2003–2007,508samples,22 elementsx Bangkok,PM2.5–10 2003–2007,508samples,22 elementsx Pathumthani,PM2.5 2003–2007,425samples,22 elementsx Pathumthani,PM2.5–10 2003–2007,425samples,22 elements

Modelswith6–,4–,5–and5 factors, respectively,provided
reasonable fits to the data and the most physically reasonable
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source profiles for these data sets. The source profiles and time
series plots of the source contributions are presented in
SupportingMaterial (SM) (Figures S1 to S8). The source profiles
were used for PM source identification and source contribution
factorswerenormalizedbyusingPMmassdata throughmultiple
linearregressionstoapportiontheidentifiedsources(Hopkeetal.,
1980). The plots of the predicted versus the measured mass
concentrations, the fitted lines and the squared correlation
coefficientsarepresentedinFiguresS9toS12(seetheSM).Tables








PM2.5Ͳ10 PM2.5 PM2.5Ͳ10 PM2.5
Al 682±409 131±86 561±329 123±81
As 1.95±2.24 4.33±5.02 1.00±1.13 3.35±3.83
Br 4.70±4.66 14.4±8.2 3.65±4.32 12.2±8.4
Ca 1573±776 159±91 993±508 112±67
Ce 1.08±0.67 Ͳ 0.95±0.52 Ͳ
Cl 429±464 59.8±26.3 294±300 45.7±22.7
Co 0.73±0.47 0.20±0.08 0.61±0.43 0.15±0.07
Cr 7.15±3.75 3.85±2.93 4.90±2.69 3.59±2.54
Cu 10.8±7.1 7.09±4.87 5.53±4.13 4.88±3.54
Fe 629±325 141±66 393±220 104±56
K 518±413 396±267 320±219 396±242
La 0.53±0.30 Ͳ 0.46±0.27 Ͳ
Mg 246±123 81.2±51.2 183±88 72.0±44.8
Mn 18.5±16.6 7.96±7.06 11.3±8.2 7.16±7.06
Na 634±470 213±142 431±319 202±121
Ni 4.51±2.90 3.23±1.98 2.92±2.16 2.27±1.54
P 96.6±78.5 51.4±36.6 74.3±40.6 44.3±29.6
Pb 43.8±37.8 29.3±24.4 25.6±35.8 30.1±26.2
S 946±1002 1546±1218 453±442 1390±1093
Sb 2.17±1.81 1.23±1.13 1.24±3.98 1.28±1.15
Sc 0.13±0.09 0.023±0.014 0.12±0.07 0.024±0.015
Se 1.05±1.01 3.68±4.03 0.61±0.40 2.54±2.55
Si 2052±1297 351±220 1609±977 345±206
Sm 0.069±0.042 0.013±0.007 0.064±0.043 0.013± 0.007
Th 0.18±0.11 Ͳ 0.16±0.10 Ͳ
Ti 51.3±29.5 11.6±6.3 37.9±21.1 9.63±5.48
V 3.46±2.31 3.11±2.10 1.97±1.34 2.11±1.45
Zn 90.4±59.5 61.9±36.6 45.8±29.5 52.2±32.5

Table4.SourceapportionmentresultsfortheBangkoksite
Fine Mean StdDev Coarse Mean StdDev
Znrich 0.88 0.79  Soil 12.16 9.71
Traffic 7.65 4.42  RoadDust 9.08 7.97
Biomass 4.51 4.17  SeaSalt 1.27 1.50
SecondarySulfate 2.39 2.49  Construction/Soil 13.68 9.66
Soil 2.21 2.00   
AgedSeaSalt 5.35 4.70   

Table5.SourceapportionmentresultsforthePathumthanisite
Fine Mean StdDev  Coarse Mean StdDev
Soil 1.43 1.25  Construction/Soil 8.14 5.72
AgedSeaSalt 0.25 0.23  Soil 5.25 3.70
Traffic 8.33 4.19  Roaddust 1.43 1.73
BiomassBurning 6.22 5.81  AgedSeaSalt 8.08 7.05
SecondarySulfate 3.01 3.71  SeaSalt 0.63 0.75

FromTables4and5, itcanbe seen thatamong thesources
resolvedatthetwosites,thefivecommonsourcesofPM2.5were
traffic,biomassburning,secondarysulfate,soilandagedseasalt.




of some other elements (As, Pb, Si, Ca, P, Zn) in the factor.
Industrial or coal–fired power plant as well as diesel vehicles
burninghighSfuelpossiblymadecontributiontothisfactor.Fine
soilwithhighconcentrationsofthosecrustalelements(Al,Ca,Fe,















Themajor sources contributing to the observed PM2.5–10 at
both sites were construction dust and soil. These two sources
comprised about 70% for Bangkok and about 60% for
Pathumthani.Therehasbeencontinuousconstructionofbuildings,














as characterizedbyhighNa,SandBC.At theBangkok site,aged
saltsourcewasobservedinPM2.5sourceapportionment.However,
itwas possible because the source composition of this factor at
Pathumthani showed not onlyNa, S andBC butwas alsomixed
withcoarsesoilelements.

ConditionalProbability Function (CPF)was applied to source
contribution factors foreachdatasetasshown inFigures6 to9.
Thesourcesarelikelytobelocatedtothedirectionsthathavehigh
conditionalprobabilityvalues.ForPM2.5atBangkok(Figures6),the
CPF plot shows that trafficwas highly affected by northwesterly






PM2.5atPathumthani (Figure8), itappeared that those identified







sea salt were identified at both sites, and each source was
influencedby thewind in the samedirection forboth sites. The
CPFplots suggestall soil sourcesaremost likely from localareas
and theyweremainly influencedby thenortherlywinds. Soil, in
particular,wasfoundtobecorrelatedtohighPMmassduringdry
seasoncorrespondingtotheprevailingwinds fromthenortheast.
Only sea salt showed correspondence relationship with the
southerlywinds.ThegulfofThailand(seeFigure1)tothesouthof
the two sampling sites and the prevailingwind direction is from
southtosouthwestduringrainyseason.

Potential Source Contribution Function (PSCF) values were






















Figure 10 shows high source potential areas for biomass
burning,secondarysulfate,andfinesoillocatedeastandnortheast
of Thailand up to Vietnam and in east and south China to the
north. Although other known emission locations for biomass
burning in thecaseof forest firescouldbe to thenorthwestand
south of Thailand, high contribution variations of this source
agreed with the seasonal prevailing wind from the northeast
during dry season. Similar influences accounted for secondary
sulfate and soil. The contribution of aged sea salt from Gulf of
ThailandisobviousinthePSCFmap.Thisresultisreasonablegiven
the prevailingwind from the south during themonsoon period.
Since the Pathumthani is to the northeast of Bangkok, a similar
findingisreasonable.ThePSCFmapforagedseasaltpointedfrom
lowtomediumpotentialtoPM2.5atPathumthani.Pathumthani is
a little further inland from the sea such that the sea saltaerosol
becomesintermixedwithmaterialfromothersources.

There were approximately 20 Bangkok samples where the













PM10 is divided into twomodes, fine and coarse fractions,





database obtained were analyzed for source apportionment by
PMF.Theimpactsfromthepointsourcesaremoreclearlyseenby
using PMF results combinedwith the CPF plots. In addition, the
combinationofPMFandPSCF showaneffective identificationof
contributingsourcesand their locations. Itcanbeconcluded that
themajorsourcesforPM2.5–10weredustsoilandconstructionsoil
(60–70% of total coarse particles) while the major sources for
PM2.5 were traffic and biomass burning (50–70% of total fine
particles). The possible long–range transport pollution sources,
particularlybiomassburningand secondary sulfate, indicated the
sourceoriginandpreferredpathwaycouldbefromthenortheast
ofThailandor farther in thatdirection.The comparisonwithPM
mass, BC and elemental compositions suggested that particulate
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